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NATTONAL. ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE 3022

METHOD FOR STUDYING HELICOPTER LONGITUDINAL
MANEUVER STABILITY

By Kenneth B. Amer

SUMMARY

Because of the importance of satisfactory maneuver stability for
helicopter contact and instrument flying, a theoretical analysis of
maneuver stability has been made. The resulte of the analysis are pre~
sented in the form of a chart which contains a boundary line geperating
combinations of significant longitudinal stabllity derivatives which
result in satisfectory meneuver stebility from combinations which result
in unsatisfactory maneuver stability according to the criterion of NACA
Technical Note 1983.

Good correlation is indicated for both a single-rotor helicopter
and a tandem-rotor helicopter between maneuver stability as predicted
by the chart and as measured during pull-up maneuverg. Thus, the theo-
retical analysls 1is indicated to be wvalid.

Techniques for measuring stability derivatives in flight are described.
These derivatives are for use with the chart presented herein to aid in
design studies of means for achieving at least marginal maneuver stability
for a prototype helicopter or for a helicopter in the design stage that
is similaer to helicopters already flying.

In predicting the maneuver stability of a new type of helicopter,
the stabllity derivatlives for use with the chart presented herein must
be theoretically predicted. The problem remains of predicting these
derivatives with the desired accuracy where significant amounts of rotor
stalling are present.

INTRODUCTION

The expanding uses of the helicopter in both military and civilian
fields are emphasizing the need for satisfactory flying quelities under
both contact and instrument conditions. In reference 1 is brought out
the importance in forward flight under contact conditions of satisfactory
maneuver stabllity, that is, no divergent tendency in pitch. In refer-
ence 2, blind~-flying trials conducted in a single-rotor helicopter are
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reported and it is concluded that "Changing the maneuver stability from
unsatlisfactory to satisfactory markedly reduced the effort required of
the pilot to maintain a given flight path under instrument conditions.
In addition, the danger due to divergent tendencies was removed." A
criterion for maneuver stebility is presented in reference 3, based on
flying-qualities studies of single-rotor helicopters. The criterion is
worded as follows:

When the longitudinal control stick i1s suddenly displaced
rearward 1 inch from trim (while in level flight at the maximum
placard speed) and held fixed at this displacement, the time history
of normal acceleration shall become concave downward within 2 seconds
following the start of the-maneuver.

It should be noted that the phrase "concave downward wlthin 2 seconds" in
this criterion refers to the slope of the normsl-accelerstion curve, that
is, the slope shall reach its maximum vslue and begin to decrease within
the given time interval. The significance of this criterion is that it~
calls for evidence within 2 seconds of the eventual peaking of the normal-
acceleration time history. Subsequent studies on a tandem helicopter indi-
cated this criterion to be generslly aspplicable to tandem helicopters.
This criterion is incorporated in the current requirements for military-
helicopter flying qualities. This paper is presented in order to provide
s basis for designers and the procurement agencies to use -in studying the
maneuver stabllity of & prospective helicopter.

The paper is divided into two parts. Part I is an anslytical study
of meneuver stability from which a chart 1is derived showing combinations
of pertinent stability derivatives that result in a normal-acceleration
time history that represents a case of marginal maneuver stebility. Also
in part I, the validity of the chert-is checked agalnst experimental data
for both & single-rotor and & tandem-rotor helicopter.

In order to meke use of the chart presented herein, the significant
longitudinal-stability derivatives of the helicopter must either be theo-
retically predicted or measured. In part II of this paper, the diffi-
culty of theoretically predicting the derlvatives for this purpose 1s
discussed and techniques for making flight measurements of stabllity
derivatives are described. The mathematical manipulatlions needed to
obtain the derivatives from flight data for use in the previous com-
parison are performed; thus, sample calculations are provided.

SYMBOLS
Aq,Bq coefficients of =-cos ¥ and -sin ¥, respectively, in expres-

sion for ©; therefore, lateral and longitudinal cyeclic
piteh, respectively, uncorrected for blade and control-
system distortion, &3, or automatic control devices, radlans



NACA TN 3022 3

&)

Cr

Ce

longitudinael tilt of rotor cone, radians

projection of angle between rotor force vector and axis of no
feathering in plane containing flight path and axis of no
feathering (for discussion of significance of axis of no
feathering, see appendix of ref. 4) ‘

real part of conjugate complex roots of characteristic equation
(denominator of -eq. (23) set equal to zero)

nunber of blades per’rotor; also, imaginary part of conjugate
complex roots of characteristic equation (denominator of
eqa. (23) set equal to zero)
thrust coefficient, —_§~I_—_§
7R p (OR)

blade~-section chord, ft; also, b/i where b is imaginafy
part of complex root of characteristic equation

equivalent blede chord (on thrust basis), ——m 00, £t

perpendicular distance between rotor shafts of a tandem
helicopter, ft

offset of center line of flapping hinge from center line of
rotor shaft, £t

force exerted by rotor blade on flapplng hinge due to
centrifugal acceleration, 1b

acceleration due to gravity, 32.2 ft/sec®
height of rotor hub(s) above center of gravity, ft

helicopter pitchin% moment of inertia about center of
gravity, slug-ft

incidence of plane perpendiculer to rotor shaft, radiansj

also, ¢i1

1ift, positive upwerd, 1b
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pitching moment sbout center of gravity, positive nose-up, 1lb-ft

increment in normal acceleration from trim value, g units

helicopter pitching velocity, radiesns/sec

blade radius, ft

radial distance to blade element, £t

Laplece transform parameter

rotor thrust, 1b

time

true airspeed of helicopter along flight path, fps

induced inflow velocity at rotor (always positive), fps

gross weight of helicopter, 1b

rotor angle of attack; angle between flight path and plane
perpendicular to axis of no feathering, positive when axis

is inclined reerward, uncorrected for blade and control-
system distortion, 83, or automatic control devices, radians

fuselage angle of attack, angle of attack of plane perpendicular
to rotor shaft, radians _

angle of clinb, radians
Increment

angle in plane of rotatlon between perpendicular to blade-span
axls and flapping-hinge axis, positive when an increase in
flapping produces a decrease in blade pitch

instanteneous blade-section pitch angle; angle between line of
zero 1lift of blede section and plane perpendicular to rotor
sheft, uncorrected for blade and control-system distortion, B8z,
or automatic control devices, ©6 - Aj cos ¢ - Bl sin V¥,
radlans

collectlve pitch, average value of © around azimuth, uncor-
rected for blade and control-system distortion, 83, or auto-
metic control devices, radians
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A inflow ratio, (V sin a - v)/0R

u tip-speed ratio, V cos a/QR (assumed equel to V/QR)

o mass density of air, slugs/cu ft

o rotor solidity, bce/ﬁR

¥ blade azimuth angle measured from downwind position in
direction of rotation, radians

1] rotor angular velocity, radians/sec

e

ratio of differential collective piteh to eycliec pitch due to
OB1 longitudinal stick motion rigged into tandem helicopter

Stability derivatives:

Stability derivatives are indicated by subscript notation; for
example, I, = %g. They are defined as follows:

g = g + 58 - Gafr,) - Buy (i), + 1,511 - o)
o = (o), + M50 + BB + (M) gy

K =5 + (M),

2l E) (9]
Subseripts:

r rotor

£ fuselage
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t tail

c control motion during measurement of stability derivatives

P pilot's control motion in pull-up maneuver

o trim or original value

1 modified flight condition at increased angle of attack

m measured

Superscripts:

(T) Including effects of blade and control-system distortilon, 83,
and sutomatic control devices

(*) d/dt

I - ANATYTICAL PHASE OF MANEUVER-STABILITY STUDY

In this part of the report, the equations of motion applicable to
the pull-up maneuver are derived and solved and the assumptions involved
are discussed. Then the procedure involved in deriving the maneuver-
stability chart is discussed and the chart is presented. From study of
the chart, the stability derivatives that have a significant effect on
maneuver stability are deduced. Finally, the validity of the chart is
checked by a comparison, for both a single-rotor and a tandem-rotor
helicopter, of maneuver steblility as predicted by the chart and as
measured during pull-up maneuvers. The stabllity derivatives for use
in this compsrison are obtained from flight data by techniques described
in part ITI of this paper.

THEORETICAL ANALYSIS

In this section, the equations of motion applicable to the pull-up
maneuver will be derived and solved.

Assumptions
Constant forward speed.- The assumption is made that the forward

speed remains constant during the pull-up maneuver. This assumption,
which is used in equivalent analyses for airplanes, is conservative if




NACA TN 3022 7

the helicopter is stable with speed. The actual reduction in speed
which occurs would produce a nose-down moment and & reduction in thrust.
Both of these factors would tend to cause the normal-acceleration time
history to become concave downward sooner. Thus, the assumption of no
speed change is alweys conservative for helicopters with positive speed
stability.

For other uses of the equations of motion, such as in studies of
the long-period oscillation or in certein autopilot studies, it would
be necessary to include the effects of variations in speed.

Small displacements, initial flight path level.- As in equlvalent
anslyses for airplanes, the assumptions are made that the displacements
from trim are smell and the trim condition is in level flight.

Constant rotor speed.- Although the tendency exists for the rotor
speed to increase during a pull-up, the assumption is made that the
rotor speed is constant. A sample investigation of this assumption,
which is discussed in the appendix, has indicated a resulting change of
gbout 0.05 second in the time for the time history of normal accelera-
tion to become concave downward. Also, future helicopters are likely
to be equipped with governors to assist the pllot in preventing the
rotor speed from exceeding the maximum allowable and to help limit maxi-
mum load factors. If a throttle-type governor is used, no corrections
to the stability derivatives are necessary. If a pitch-type governor
is used, corrections to the stabllity derivatives to account for the
pitech change would be necessary. However, these corrections are felt
to be beyond the scope of this paper.

Quasi~static conditions.- The assumption is made that the dynamic
maneuver can be represented by & series of static conditions and hence
the blade flapping coefficients and the rotor inflow and downwash veloc-
ities are always at their equilibrium values, determined by the instan-
taneous values of «o, 6, p, and g. Inasmuch as the order of magnitude
of the time interval for the change in flight condition is 2 seconds, it
is felt thet the assumptions are Justified except perhaps the flapping
assumption for blades having a very low mass factor or very low flapping
stability. For such blades, the need for considering the flapping as
an additional degree of freedom would have to be investigated.

For other uses of the equations of motion, such as for autopilot
studies, these quasi-static assumptions might not be valid at the higher
end of the significant frequency range.

Lift due to elevator deflection neglected.- Where g helicopter is
equipped with an elevator that moves with the longitudinal control, the
change in 1ift due to elevator deflection is neglected.
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Lift of fuselage and tail depend upon rotor angle of attack.- It
will be assumed that the change in 1ift of the fuselage and tail is
dependent upon chenges in rotor angle of attack. A small error arises
because the change in fuselage angle of attack differs from the change
in rotor angle of attack by an amount equal to the change in longitudinal
cyclic pitch. However, this error is insignificant inasmuch as the lift-
curve slope of the fuselage and tail is considerably smaller than the
lift-curve slope of the rotor.

Constent stability derivatives.- In order to solve the equations
of motion by feasible methods, it is necessary to assume that the sta-
bility derivatives are constant during the pull-up meneuver. TFailure
to meke this assumption would result in nonlinear differential equations,
which are extremely tedious and difficult to solve. Actually, the deriva-
tive OM/do. does change during the maneuver because of nonlinearities as
explained in reference 5. The derivative OM/dx as well as the other
derivatives also varies during the maneuver if significant stalling
occurs. Similarly, the derivatives also vary with the megnitude of the
control deflection used to produce the maneuver. In order to handle
these variations approximately, it might be assumed that the l-inch stick
deflection called for in the maneuver-stability criterion produces 1°
of longitudinal cyclic piltch and results in a pull-up of 0.4kg accelera-
tion increment. Then, the stability derivatives can either be computed
at 1.2g or by teking increments over the range from 1.0g to l.bg. Also,
they should be computed with the assumption that-the 1° cyclic piteh
change has already occurred.

Effects of blade and control-system distortion, &3, and automatic

control devices accounted for by ﬁl and 8§ derivatives.- It will be
assumed that the effects of blade distortion, &z, and automatic control
devices can be accounted for by derivatives of longitudinal cyclic

pitch El and collective piteh 8§ with respect to rotor angle of
attack & and piltching velocity gq.

Equations of Motion

A system of axes based on the flight path is used. The equations
of motion are derived on the basis of the previously dlscussed assump-
tions, one equation for egquilibrium normal to the flight path, and one
for equilibrium in pitch. Only changes in force and moment from trim
values are considered.

Equilibrium normal to flight path.- The forces acting normal to the
flight path during the pull-up maneuver are the changes in 1ift acting
upwerd and the centrifugal inertia force due to the curved flight path
acting downward. Thus,
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qu_+]'..§A5+Ia,A&—WS—l7=O (1)

or

(2)

I
(o]

. g2 g - = - A

7-WLQQ'WI'9AB‘T,%IU.A“

From the definitions of Ao and Aa and from the sssumptions,
N o= A - Bla N - quq

vhere El& and Elq ere due to blade twist, 53, and automatic control

devices.
Solving for AL end OAL/dAx yields
A Biga

P . (3)
l+BlC-X-: l+Bla

and

AN 1
- (&)
A, 1+ ﬁl&

Also, with the assumption of no change in pilot's pitch-lever
position

45 = Bz &% + 8qq (5)

where 8 and 6§y are also due to blade twist, 83, and automatic con-
trol devices. Substituting equation (3) into equation (5) yields
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- 8- Lo 5'51
2B = e 4 |8y - —3 (6)
1+ Bl& 1l + Bl&

Substituting equations (3), (%), and (6) into equation (2) gives

¥ -2 Ty o - Fr Iga = O (7)
where
A L Y (8)
1+ BLE '
and

The first form of the expressions for im and iq is asppropriate for

computing purposes, while the second form 1s appropriate for full-scale
measuring purposes.

Egquilibrium in pitch.- There are five pitching moments acting
during the maneuver. These are moments due to collective-pitch change,
damping in pitch, angle-of-attack stability of rotor and fuselage-tail
combination, control displacement, and inertia.

Thus,
M5 29 + Myq + (Ma,)r M+ (M“)f+t Loe + MBy M8y - Iyg =0 (10)

The terms M5 A8, Mgq, and (Ma)r A5 account for the pitching
moments due to thrust-vector and tip-path-plane tilts with respect to
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the axis of no feathering. The term Mg, Aﬁl accounts for pitching
moments due to a tilt of the axis of no feathering with respect to the

rotor shaft. Inasmuch as
Lop = N+ Aﬁl (11)

equation (10) can be written as follows:

Mg = _Mg (M&)r * (Mu')f+t ’ = ME * (Mu)f"'t 2By (12)

. Mg o
15 Ty * Iy Iy

Also, by assumption,
OB = 8By, + Byg 40 + Biga (13)

No bar 1s placed ebove the AB]_P term because changes in Blp due to
twist, end so forth, ere included in the Bjs term. Combining equa-

tions (3) and (13) yields
By M B, _B,.q -

e’ —_— - 15 J_'q + By a (1)
1+ 8B, 1+ 38 q

A'El = ABlp +

Substituting equations (3), (&), (6), and (1) into equation (12) gives

%q-Mﬁ&=-K—lAB:LP (15)
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where

ﬁ;n

_ 8B &) B1 - By
My + Mgleq - &g _(M“')E q"‘WBlBl 1 - &
1+ Bla 1+ Bl& 2 1+ Bl&

My + Mg(éq - 6d,1'31q) - qu(Ma,)r + Mslﬁlq(l - Bla) (16)

(Ma)r + Mgbg + By Mg,

My = — L+ By + (Ma')f+t

= (Ma)r + MgBy + ﬁlmuﬁl + (Mm)f+t (17)

Ky = M5, + (Ma)f_‘_t (18)

As fop ia and iq, the first form of the expressions for ﬂﬁ and ﬁd

is appropriate for computing purposes, while the second form is appropriate
for measuring purposes.

Equation relating Ao and .- Inssmuch as the two equations
of motion, equations 575 and 5155, contain three variesbles, a third
equation must be developed before a solution can be obtained. From
exemination of figure 1 it can be seen that, for the pull-up maneuver,

d‘=i'7'BlP

therefore

fo, = M - Ay - BBy
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or
t
Ax=f qat -y - By (19)
0

Solution of Equations of Motion

Procedure.- Equations (7), (15), and (19) constitute three simul-
taneous equetions with three dependent varisbles o, g, and 7y and an
input variable ABlp. They are solved here by means of the Laplace

transformation for 7 as s function of time for a step input of Blp:
similating e pull-up maneuver. Inasmuch as

_v oy
An'sat (20)
then
dm Vv 2y
S " E32 (21)

Thus, the solution for 7 will be differentiated twice and multiplied
by V/g to get 3An/dt inasmuch as the point at which the normsl-
acceleration time history becomes concave downward corresponds to a
point of maximum slope BAn/Bt. Then combinations of the stability
derivatives which give maximm JdAn/dt at + = 2 seconds will be
determined by iteration. The alternative procedure was considered of
differentiating the solution once more to get Baén/atz and determining

the combination of stebility derivatives to give 32Mm/ot2 = 0 at

tT =2 seconds. However, the alternative procedure did not eppear to
be superior to the first procedure discussed.

Laplace transformation of equations.- Taking the Laplace transform
of equations (7), (15), and (19) by means of the teble of transforms in
reference 6 results in the following set of equations:
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s7(s) ~ é%-iqq(S) - é% Iy t0(s) = 0 h
M Y Ky A8y
( 'E%)“—(s) ‘DI%A“(S) T b (22)
AB
r(s) - qis) + Lo(s) = - :@
L

Equations (22) constitute a set of simultaneous algebraic equations
which can be solved for 7(s) by means of determinants. Thus,

g = _8 =
e T _Fo
Iy 8 Iy Iy
_ 8 1 1
s =]
7(e)= (23)
g = -
8 _W_Vq- -%Iu
i -
0 s-_g ..l.&
Iy Iy
1 -1 1
8

Solution for JAn/dt.- The expression for 7(s) was expended and
split up by partial fractions. Then the inverse transform was taken to
get 7(t) by using once again the table of transforms of reference 6.
Then, with the use of equation (21), the following expression was obtained:
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AAn /3t at (g = ) Ky
= e -l g + E} cos bt + |~ =— - D +
%-(a - %': - E> sin bt (24 )
where
Lqgfkh H L -
E = __3 -—l- - 1—62 = —j—( - - 26 - B B ) (25
Ia.(IY IY) oIy B " er 7 M5t 7 PlolEy ‘

or (considering the usual magnitude of the terms)

m~ 12 Y51
Lo T

and a f bi are the roots of the equation formed by setting the denomi-
nator of equation (23) equal to zero (characteristic equation) and can
be put into the following form:

M g -
—q'+E-(—Ia+E>
T
o = — ld (26)

and
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If b is imaginary (characteristic equation has real roots), equation (24)
can be put into more convenientform by letting b = ic. Then, by use of
the relations between trigonometric and hyperbolic functions,

M——:eat -(-§_IU+E)coshct+
wv
-ABlPIuIW

K M
-—-l—;+c+%a--g—E sinh ct (28)
eIy Ty

MANEUVER-STABILITY CHART

In this section & chart will be derived which indicates the combi-
nations of stability derivatives which produce marginal maneuver stability.

Significant Stability Derivatives

Examination of equations (24) to (28) indicates the following peram-
eters to affect the time for the normal-acceleration time history to

become concave downward:
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Calculations Indicate the parameter Kl/Iy, which depends primarily

on control power, to be of only minor importance. The significance of
the three remaining parameters can be better appreciated by_slmplifying
M

- Mo,
to the case of L, = 0. The three parameters then become —55 —_

¢ Iy’ Ty
and é%-im. Thus, maneuver stabllity is indicated to be a function of
demping in pitch and angle-of-attack stability as discussed in refer-

ence 1, of the moment of inertia in pitch, of the lift-curve slope, and
of the 1ift due to pitching of the helicopter.

Calculation Procedure

The procedure for calculating the desired combinations of stebility
derivatives is based on the reasonsble assumption that if A is maximum
at t =2 seconds (An curve concave downward at 2 seconds ), then Ah
at t = 1.95 seconds is equal to A at t = 2.05 seconds. Values of
__An_—at
-ABlpLa/W
t = 1.95 seconds_and t = 2.05 seconds were calculated for two arbi-

b, Ki1/Iy, end %% I, + E were assumed and values of

trary values of ;% + E from equation (26) and then equation (24) or (28).

A first spproximetion to the correct value of %%:+ E was obtained

by interpolation or extrapolation of the percentage difference

Ay s o5 = Mhyy g5

" (29)
Mnt=1.95

M
corresponding to each of the two values of f% + BE. This flrst approxi-

M .
mation of f% + E was Inserted back into equation (26) and then (24)

or (28) and the interpolation procedure was repested. This iteration
process was continued until the quantity given by expression (29) was
less than 0.0l, so that the percentage difference in slopes at + = 2.05
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and t = 1.95 was less than 1 percent. Then, the corresponding value
of the parsmeter

was obtained from equation (27).

As mentioned previously, the parameter Kl/Iy, which depends prima-

rily upon control power, was indlcated to be of only minor importance.
Thue, for simpliclty, it was declded that only the most unfsvorsble
value of. Kl/IY would be used. Sample calculetions indicated a reduc-

tion in Ki/IY to be mildly unfavoreble. Thus, a value approximately

one-half that of e typlcal present-day helicopter was used throughout
the calculations.

Form of Chart

In filgure 2 are presented plots of the parameter

Mg, g = g = ) My
'Ig(l'wlq)-(wlm“EE‘I;E
ﬁq
against the parameter T§-+ E for various values of the parameter

5; im 4+ E obtained from the previously described procedure. As dis-

cussed in reference 1, increases In angle-of-attack stability or in
damping in pitch (more negative M, or Mq) improve maneuver stability.

Thus, for each value of %% im + B, the region below and to the left of

the curve is satisfactory.

Figure 2 indicates an Increase in ﬂm, which 1s the lift-curve slope,

to be stebilizing in that an increasing satisfactory region exists for
increasing values of the parameter. In addition, figure 2 shows an
increase in pitching moment of Ilnertia Ty +to be destabilizing.
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Figure 2 is not in a very convenient form because of the overlapping
regions of satisfactory and unsatisfactory maneuver stability for the
different values of the lift-curve-slope parameter.

It was noted that, for a given value of the damping-in-pitch param-
eter, the value of the angle-of-attack stebility paremeter was approxi-
mately proportional to the lift-curve-slope parameter. Hence, it was
found, by trial and error, that if the angle-of-attack stability param-
eter of figure 2 were modified to the parameter

Yoy _2 1) (L ¥ Mg Mg o)
Iy(l Wqu-) (Wvl'a,+E)E IYE+O'70+O'58E+E +0.12TY-+E

g-
WLG,-I-E

& single boundary curve would be produced.

In figure 3 is presented an alternate form of chart using this modl-
fied angle-of-attack stabllity parameter. The single curve of figure 3
represents approximstely the entire range of lift-curve slope covered in
figure 2. Thus, figure 3, although somewhat less accurate than figure 2,
18 considered to be a more convenlent form of chart to use.

COMPARISON OF MANEUVER STABILITY AS MEASURED IN FLIGHT

WITH PREDICTIONS OF CHART OF THIS PAPER

In order to check the validity of the procedure used to obtain the
chart presented herein, comparison is made of maneuver stablility as
measured in flight with predictions of the chart of this paper. The
stabllity derivaetives for use with the chart are determined in part IT
of this paper. The comparison is made for the single-rotor helicopter
of figure 4 with and without & horizontal tail surface, and for the
tandem-rotor helicopter of figure 5 in two different flight conditions.
The horizontal tail used on the single-rotor helicopter is shown in fig-
ure 6 and its principal dimensions are given in figure 7.

In figure 8 are presented time histories of control position and
normal acceleration during pull-up maneuvers at approximstely 70 knots
indicated airspeed. Figures 8(a) and 8(b) are for the single-rotor heli-
copter of figure 4 in level flight with tail surface off and on at 0°
incidence with respect to the rotor shaft, respectively. Figures 8(c)
and 8(d) are for the tandem-rotor helicopter of figure 5 in level flight
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and partial-power descent, respectively, with the center of gravity
15 inches forward of the midpoint between the rotor shafts.

The dats from which the normal-acceleration time histories of fig-
ures 8(a) and 8(b) were obtained were similar to those shown in fig-
ures S(c) and 8(d). The normal accelerometer reflects the vibration of
the helicopter which necessitates fairing the data as indicated in fig-
ures 8(c) and 8(d). The result is some inaccuracy in determining the
time for the normal-acceleration time history to become concave downward
but the error is considered insignificant.

In figure 9, the theoretical curve of figure 3 1s replotted along
with slx data points, four of them corresponding to the four helicopter
configurations for which pull-up time histories are presented in fig-
ure 8 and for which stability derivetives are computed in part II of
this psper. Adjacent to each of these four points is given the approxi-
mate time for the corresponding normal-ascceleration time history of fig-
ure 8 to become concave downward. The time history of normal accelera-
tion of figure 8(a) is divergent throughout and the corresponding data
point in figure 9 1s lasbeled accordingly.

Two additional data points are plotted in figure 9. One data point
1s for the single-rotor helicopter with tail on, but with a tail~incidence
setting of 7° nose up. It was assumed that this change in tail setting
did not chenge I, or Mg from the value for the configuration with

0° tail incidence. The effect on ﬁm due to the change in down load on

the tall surface was estimated theoretically. The second additional data
point is for the tandem helicopter in level flight but with approximately
5 percent higher thrust coefficient than for the previous level-flight
condition and with the center of gravity aspproximetely at the midpoint
between the rotors. The effect of the center-of-gravity change on the
value of My for the previous level-flight condition was computed theo-
retically, changes in ﬂm due to changes in rear-rotor stalling being
neglected._ The slight effect of the 5-percent increase in thrust coeffi-
cilent on Iy and Mg was also computed theoretically, effects of changes

in rear-rotor stalling being neglected. The times for the corresponding
normal-acceleration time histories to become concave downward were obtained
from time 'histories similar to those in figure 8 and are given adjacent
to each point. .
The theoretical curve of figure 9 (and hence of fig. 3) is indicated
to be qualitatively correct for both single- and tandem-rotor helicopters
in separating configurations which have satisfactory maneuver stability
according to the criterion of reference 3 from those which have unsatis-
factory maneuver stability. This can be seen by noting that the points
for which the normal-acceleration time history becomes conceve downward
in less than 2 seconds fall in the satisfactory reglon while those for
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times to become conecave downward of more than 2 seconds fall in the
unsatisfactory region. Thus, the analytical procedure used to obtain
the chart of figure 9 (and fig. 3) is indicated to be valid.

IT - FLIGHT MEASUREMENT OF T.ONGTTUDINAT.-STABIT.ITTY DERIVATIVES

In order to meske use of the chart presented herein for evaluating
the maneuver stability of a prospective helicopter, the slgnificant
longitudinal-stability derivatives of the helicopter must either be
theoretically predicted or measured. For a new type of helicopter in
the design stage, it would be necessary to compute the longitudinal-
stability derivatives of the design. If no stalling is present, the
derivatives of the rotor cen be predicted on the basis of the available
rotor theory of references 7 to 9. However, it 1s usually necessary to
take account of rotor stalling because, as pointed out in several previous
NACA papers (see, for example, ref. 10), the optimum flight condition
from the standpoint of performence is approximately that at which stalling
Just begins. A helicopter designed to fly near this optimum condition in
cruising flight would always encounter rotor stalling during a pull-up at
crulsing speed or higher.

Preliminary studies indicate large effects of rotor stalling on
longitudinal~stability derivatives. Thus, in evaluating the maneuver
stabllity of a new type of helicopter in the design stage, these stalling
effects must be known, at least epproximately, before the rotor longitudinsl-
stability derivatives can be computed and use made of the chart presented
herein. More detgiled discussion of the effects of stalling omn rotor
longitudinal-stability derivatives is beyond the scope of this paper.

For a prototype hellcopter that is in the flight-test stage, or for
& helicopter in the design stage that is similar to a helicopter already
flying, the necessary stebility derivatives can be measured in flight by
the techniques described In this part of the paper. These measured sta~
bility derivatives éan be used with the chart presented herein in studying
the maneuver stability of these helicopters. For example, if tests such
as that called for in the criterion of reference 3 indicate a prototype
helicopter to have maneuver Instability, the significant longitudinal-
stability derivatives of the helicopter cen be measured in flight by
means of the techniques described in this section and then plotted on
the chart. Then, the magnitude of the changes 1n the stabllity deriva-
tives necessary to produce marginal maneuver stability can be determined.
These theoretically predicted changes can be used as bases for design
studies of practical methods of achieving satisfactory maneuver stability.

The most practical changes to make are probably in ﬂd and ﬁq_ by means

such as those discussed in reference 1. It should be noted that changes
in Mg vary the modified angle-of-attack stebility parameter.
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After the techniques for flight measurement of the significant
derivatives are described, sample calculations are performed. The cal-
culations, which are for the helicopters in figures 4t and 5, are used in
the comparison discussed.in the previous section.

TECENIQUE OF FLIGHT MEASUREMENT OF SIGNIFICANT

LONGITUDINAL-STABILITY DERIVATIVES

In this section, techniques for measuring in flight the derilvatives
of 1lift and piltching moment with respect to angle of attack and pitching
velocity are discussed.

Lift-Curve-Slope and Angle-of-Atteck Stabllity Derivatives

The technique used to measure the lift-curve-slope and angle-of-
attack stability derivatives of a helicopter in flight can best be under-
stood by comparison with a possible wind-tunnel technlque.

Wind-tunnel technique.- Assume & helicopter mounted in a wind tun-
_nel at a particular flight condition, with pitching moments about the
center of gravity trimmed to zero by means of longitudinal positioning
of the control stick. Let this original flight condition be specified
by the three parameters g, 6g, and (CT/cfg.

As indicated in reference 9, the flight condition of a rotor 1s
specified by three independent parameters. In reference 9, the three
parameters are u, 6, and A, vhere A 1s the inflow ratlio. For con-
venience in this discussion, the parameter CT/G is used instead of A.

The value of the rotor angle of attack is fixed by the values of u,
¢rp/o, and 6.

Next, assume that the angle of attack of the helicopter is Iincreased,
go that an increase in thrust is produced, the rotor speed and pitch
lever being kept constant; also, assume that the control stick is moved
longitudinally to retrim the pitching moments to zero. The modified
flight condition is specified by the following parameters:

15 01, (CT/U)]_
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where

01 CTe)

(on/0)1 > (ox/a)o

The lift-curve slope of the helicopter, whether single or tandem
rotor, can be determined from the measured changes in thrust and angle
of attack of the axis of no feathering.

The engle-of-attack stebllity can be computed from the measgured
change in control-stick position. If the control stick were returned
to 1ts initiael position, & pltching moment would be produced on a single-
rotor helicopter equal to

' da
e ) 2 3D

or

A(C ' )
AM = AB1 To|1 + (C(T_%? h<l * 2%) * Pl %(1 ¥ %) (50)
0

where ABl, 1s the measured change in cyclie pitch.

The first term in equation (30) accounts for pitching moments due
to thrust-vector tilt; the second term accounts for those due to the
centrifugal forces in the blades combined with the offset flapping hinges.
The second term was derived by assuming that the centrifugal forces in
the blades act along the blade spanwise axis. The Ja'/de and daj/da
terms account for the usual instability of the rotor with angle of attack.
Inasmuch as these terms are normally much less than unity, they can be
obtained to a sufficient degree of accuracy, by neglecting any effects
of stalling, from references 7 and 9. If & horizontal taill surface is
linked to the control stick, its contribution to MM must be added to
equation (30). The angle-of-attack stabllity is obtained by dividing
M by Lo
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For & tandem helicopter, the pitching moment due to returning the
stick to its original position is

d
M = 2 Mgingle rotor + AT 5

ane d(opfo) T

d
=2 M + AB = (31)
sin rotor 1

gle ¢ BB]_ 09 (CT/ 0’)0 2
where
AT difference in thrust between the two rotors
TO original thrust per rotor
LB _
—— ratio of differential collective pitch to cycliec pitch
aBl due to longitudinel stick motion rigged into the tandem

helicopter

3(cq/0)
and where MMgingie rotor 18 glven by equation (30) and ——Sg-—w can

B(CTIO)
09

could be obtained by measuring the change in thrust with change in
collective pitch.

be obtained from the charts of reference 7. Alternstively,

The angle-of=attatk stabllity is again obtained by dividing M
by Lo

Flight technique.- If it were attempted to use the wind-tunnel
technique in flight, a complication would develop in that, as soon as
the angle of attack was increased, the resulting thrust increase would
produce a pull-up, and hence unsteady flight conditions. The basic
feature of the flight technique desecribed herein 1s to obtain the incresse
in CT/G by reducing the rotor speed and retaining the original value

of thrust, so that data can be taken under steady flight conditions.

The pitch lever is kept fixed as in the wind-tunnel technique. The for-
ward speed is reduced in proportion to the rotor speed to maintain the
same tip-speed ratio.
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In more detail, the flight technique consists of taking epproxi-
mately a 2-minute record of the original flight condition. The forward
speed and rotor speed are then reduced in proportion, the latter by
reducing power. Because of the transient reduction in thrust, the heli-
copter will start to descend; the descent will result in an increase in
rotor angle of attack sufficient to bring the thrust back to the original
value, and hence equal to the welght. Another 2-minute record is tesken.
Inasmuch as both flight conditions are steady, the longitudinal stick
position must be such as to trim piltching moments to zero.

Thus, if the techniques are considered in terms of nondimensional
quantities, the £flight technique is identical to the wind-tunnel tech-
nique. The original values of |, CT/U, and © are duplicated as are

the modified values of u, Cr/o, and 6. The change in angle of attack

in flight is the same as in the wind tunnel inasmuch as o 1s specified
when u, Or/o, and © are specified.

The lift-curve-slope derivative, whether for a single or a tandem

éﬁgglgl. The change Iin

helicopter, can once again be determined from

CT/U can be obtained by measuring the rotor speed during the two runs.
The change in o can be obtalined by measuring forward speed, rate of
descent, longitudinal fuselage ineclination, and longitudinal cyeclie
pitech during the two runs.

The angle~of-attack stability at the normal velue of rotor speed
can be obtained as in the wind tunnel by using equations (30) or (31)
and the measured change in longitudinal stick position. The deriva-
3 (cx/o)
o8

tive for equation (31) can be measured in flight, if desired,

by performing collective-pitech pull-ups.

Methods for measuring in flight meny of the guantitlies mentioned
in this section are discussed in reference 11.

Additional consliderations in the use of the flight technique.- In
the section entitled "Assumptions, it is suggested that, because the
stebility derivatives may not be constant, a pull-up of l.kg be assumed
and the derivatives be evaluated at 1.2g or over the range from 1.0g to
l.bg. Thus, for the determination in flight of the lift-curve-slope and
angle-of-attack stebility derivatives, the percentage reduction In rotor
gpeed in going from the original condition to the modified condition should
be gbout one-half the percentage increase in normal acceleration. For the
test helicopters of figures 4 and 5, a reduction in rotor speed of no more
than approximately 10 percent is permitted. Although the derivatives thus
measured correspond to a l.2g pull-up, the actual pull-ups made were some-
what larger. For thls reason, the measured lift-curve-slope and angle-
of-attack stability derivatives may be somewhat in error. This error
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would be more serious 1f large amounts of stalling, and hence nonlinearity
in the stability derivatives, were present. -

One term that must be added to the angle-of-attack stebility as
measured in flight for use in the pull-up analysis is the contribution
due to the displacement of the stick from i1ts trim position, as mentioned
in the section on "Assumptions.” This term arises from the resulting
displacement of the thrust vector from its trim position sco that Increases
in rotor thrust have a different moment arm ebout the center of gravity.
This correction is to the (Md)r term in Mg. Thus,

5 (%)
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As also mentioned in the section on "Assumptions," ABlp might
normally be assumed equal to 1°. However, inasmuch as ABlp was meas-

ured during the test pull-ups to be discussed, the measured value will
be used.

For the speclel case of the single-rotor helicopter with zero offset
of the flapping hinges, the correction term of equation (32) can be put
in more convenient form as a correction to the AB; used in equation (30)
as follows:

B
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Solving for B ABlc ylelds
A(Cqp /o
(Cx/o)q

1p A(Cr /c)

14+
(6z/%) o

5 AB1, = - (33)

The quantity A(CT/G) in equation (33) is the increase in CT/U achieved

during the flight measurement of angle-of-attack stability, inasmuch as
8 ABlc is used as a correction term to AB1, in equation (30).

Another error in the flight technique of measuring the lift-curve-
slope and angle-of-attack stebllity derivatives arises if the rotor blades
undergo a significant amount of twist. Inasmuch as the blade torsional
stiffness is not scaled down along with the reduced dynamic pressure,
less blade twist will take place during these stability-derivative-
measuring flights then during the actual pull-up maneuver. For a
10-percent reduction in forward and rotor speed, the dynamic pressure
would be reduced approximately 20 percent from its usual value and hence
approximately 20 percent of the blade twlst occurring during the pull-
ups would be missing. This error should be small except perhaps for
blades of unusually low torsional stiffness or during conditions of
extreme stall, when the chordwise position of the center of pressure is
well behind the chordwise position of the center of gravity. Thus, equa-
tions (8) and (17) can be written with sufficient accuracy as follows:

i = (&) (34)
Lot jm
and

My, = (%)m + 8 (Ma), (35)

vwhere B(Md)r is glven by equation (32).
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For the special case of the single-rotor helicopter with no offset
of the flapping hinges, equation (35) can be written

- ABy, + B 4By
- (&) — e (36)
m

c

where B AB1, is given by equation (33).

Damping-in-Pitch and Lift-Due-to-Pitching Derivatives

The measurement in flight of demping in pitch involves measuring
the change in stick position, thrust coefficlent, and rotor angle of
attack in going from stralght flight to steady turns at fixed values of
pltch-lever position, throttle position, and forward speed. Preferably,

%%-— to 2-minute records should be taken at each condition. The rotor

speed will probably increase somewhat in going to the turn condition,
while the forward speed will vary some from the desired value. The
change in stick position needed to neutralize pltching moments comes
sbout from three causes, the angle-of-attack stability, the damping in
pitch, and the change 1in tip-speed ratio. The contribution of angle-of-
attack stability is computed with the use of the measured change in

rotor angle of attack and the angle-of-attack stabllity measurements
described in the previocus section. If the 1ift due to pitching i1s smsll,
as is normally the case, the measured change in thrust coefficient should
be used in place of the measured change in rotor angle of attack because
of greater probable experimental accuracy. The contribution of tip-speed-
ratlo change 1s obtained by measuring the change in tip-speed ratioc and
comparing with a plot of stick position against tip-speed ratioc at con-
stant pitch and throttle positions.

Correcting for the contributions of angle-of-attack stability and
tip-speed-ratio change leaves the damping-in-pitch contribution to the
change in stick position. Then, by use of equation (30) or (31), the
pitching moment due to the piltching veloeity can be computed. The
pitching velocity ilteelf can be measured, and the damping in pitch
determined by dividing M by q.

If any blade distortion takes place 1n going to the turn condition,
it 1s caused by both the angle-of-attack changes and the pitching velocity.
As discussed previously, the technique for meassuring angle-of-attack sta-
bility accounts for only asbout 80 percent of the effects of dynamic blade
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twist that occur during the pull-up maneuver. During the steady turns,
however, the entire 100 percent is present. Thus, after the measured
value of angle-of-attack stebility has been subtracted, about 20 percent
of the effect of blade twist due to angle-of-attack stability will remain
in the measured damping in pitch. However, it might be pointed out thet,
by use of this technique for measuring damping in pitch, the effects of
such errors in the measurement of angle-~of-attack stabllity are minimized.
If, for example, the measured angle-of-attack stability is in error on
the side of too much instability, the demping in pitch will be in error
on the side of too much damping in pitch. It can be seen from figure 2.
that these two errors tend to compensate.

.Thus, equation (16) can be written with sufficient accuracy as
follows:

My = (%)m (37)

In order to obtain the 1lift-due to pitching, the contributlon of
the angle-of-attack change to the increase in Cp/o in going to the

turn condition is obtained from the lift-curve-slope measurements
described previously and subtracted out, leaving the contribution of
the pitching velocity to the change in Cp/o.

Lift due to pitching velocity can be produced 1n the single-rotor
helicopter if it is equipped with a gyroscopic device which changes lon-
gitudinal cyeclic plitch in proportion to the pitching veloceity. If the
helicopter is so equipped, there is a .resultant change in rotor angle of
attack, and hence rotor thrust, with piltching velocity. Another possible
source of 1lift due to pitching 1s a change in rotor stalling. A nose-up
pitching velocity, for example, causes a forward tilt of the rotor tip-
path plane with respect to the axis of no feathering. The accompanying
upward blade flapping velocity on the retreating side reduces the blade-
tip angle of attack. Thus, any retreating-tip blade stalling is reduced
by & nose-up piltching velocity with a resultant increase in thrust at
constant rotor angle of attack.

If no gyroscoplc device is present and rotor stelling is not severe,
the 1ift due to pitching is small and probably within the experimental
accuracy in the measurement of the change in rotor angle of attack in
going to the turn condition. If so, 1lift due to pitching is best assumed
equal to zero.

It should be pointed out that 1t is desirable to make turns in both
directions and average the results in order to eliminate such effects as
pitching moments due to yawing veloecity.
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COMPUTATION OF STABILITY DERIVATIVES

Single-Rotor Helicopter

The pertinent longitudinal-stabillity derivatives for the single-
rotor helicopter of figure 4 without snd with & horizontal tail at approxi-
mately TO knots indicated airspeed, level flight, are now computed by the
techniques described in the previous section. The physical charscter-
istics of this helicopter are listed in teble I. These stability deriva-
tives are used in part I for checking the chart presented herein.

Tell off.-~ Comparison between level-flight records at 70 knots indi-
cated airspeed and records at reduced forward and rotor speed for the
configuration without a horizontal tall indicates CT/U to increase by
0.020, the rotor angle of attack o to increase 4.20, and the longi-
tudinal cyclic pitech to change O.h3° in the forward direction (unstable).
Thus

A(Cr/s) _ 0.020

= 0.27 per radlan
pa.? 4.2/57.3

The trim value of C7/c is equal to 0.088. Thus, with the use of
equation (34)

A(Cp /c!

Sia _ 8 Ja's A W
W W (ep/o)
_ 32.2 0.27
10 _(1.467) (1.152) ©-088
0.9

= 0.8
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Inasmuch as the single-rotor helicopter under study has no offset
of the flapping hinges, equation (33) applies. Thus

0.020/0.088
_ABl /
P 1 4+ 0.020/0.088

o) ABlc =

The value of ABlP measured during the pull-up maneuver to be used

as a basis of comparison was -1.1°. Thus
5 ABy, = -(-1.1)0.185
= 0.20°

Then using equations (30) ahd (36), with Oa'/da from reference 7,

yields
- 0.43 + 0.20 0.020
- = 2 - 21+ ===—=16.5(1 + 0.19)k900
My, " ( 0-08é> 5( 9)490
= 7000 1lb-ft/radien
Thus
% _ 7000
Iy 7000
= 1.0 1b-ft/fad1an/slug-ft2
- The demping in pitch of the helicopter was measured at 65 knots,

but the 5-knot difference in forward speed is not considered significant.
The rotor stalling during the pull-up and the turn was not very severe.
Thus, inasmuch as no gyroscopic device to change longitudinal cyclic
pitch is present in the test helicopter, 1lift due to pitching is assumed
equal to zero.
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The following gquantities were mesasured or computed for the test
single-rotor helicopter in going from the level-flight condition to the
steady-turn condition:

An = 0.26g

ABy, = -0.61°

a(cp/o) = 0.019
M =0
Aq = 0.12 radian/sec

From angle-of-attack stebility measurements at 65 knots, the effect
of the angle-of-attack change on AB] was found to be 0.34°. This value

was based on the change in CT/U in golng irto the turn, inasmuch as

lift due to pitching is assumed equal to zero. Thus, correcting for Au
and Ao yields

-0.61 - 0 - 0.34.

AB1a

-0.95°

-0.016 radilan

Then substituting into equations (30) and (37), with da'/da obtained
from reference 7, gives

= _ _ 0.016 .019
My e (1 + 5% 88)6.5(1 + 0.19}4900

-6200 1b-ftfradian/sec
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Thus,

The modified angle-of-attack stability parameter for use in figure 3 is
as follows:

Vol g = g - Mg M Mg , £\?
'I?é'-W—VLq - WLQ+E —EE+O'7O+O.58E+E +0.121—Y-+E

Tq + E

£
W

_1.0(1 - 0) -0 -0+ 0.70 + 0.58(-0.9) + 0.12(-0.9)2
0.8

1.6

Tail on.- The single-rotor hellcopter of figure 4 was equipped with
the biplane tail surface shown in figure 6. The location and principal
dimensions for the biplane tail surface are given in figure 7. The tail-
surface incidence was 0° with respect to the rotor shaft.

The previously described procedures for messuring angle-of-attack
stability, lift-curve slope, and damping in pitch were repeated for the
tail-on condition.

The following values were obtained (with the 1ift due to pitching
once again assumed to be equal to zero):

£ = _
= Ty = 0.8
My,
=% = -0.
Iy 3
ﬁq_
-I}-..-o.5
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y v v 2
Bl“i(l -g—') - (§-iu+ E)E-M—EE+ 0.70 + 0.58(M—Q+E) + 0.12<M—3+ E)
Iy wv WV Ly Iy Iy

Iy +E

£
WV

Tandem~Rotor Helicopter

The stability derivatives for the tandem-rotor helicopter of fig-
ure 5 at approximately TO knots Indicated airspeed in level flight and
with power reduced epproximately 50 percent are now computed by the
previously described techniques. The physical characteristics of the
helicopter are listed in table II. The center of gravity was approxi-
mately 13 inches forward of the midpoint between the rotors. These
derivatives are used in part I to check the chart presented herein.

Tevel flight.~ Comparison between level-flight records at 7O knots
and records at reduced rotor and forward speed Indicates CT/G to increase
by 0.019, the rotor angle of asttack o to increase by 5.8°, and the lon-
gitudinal cyelic pitch to chenge 0.42° in the forward direction (unstable).
Thus,

aler/s) _ o.o19
A 5.8/57.3

= 0.19 per radian

Using equation (34) gives

Acp/o)
g7 _gfo _ g &
W o = ﬁm)m TGN
_ 32.2 0.39 _ 06

T0_(1.467) (1.152) ©-08L
0.9
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A change in stick position corresponding to -0.6° change in cyclic
pitch was used during the pull-up maneuver to be used for comparison
with the chart presented herein. Thus, from equation (32), with da.' /3
from reference T,

-(-0.6) 0.19
M, = ——=22(1 + 0.12)6 ===Z- 6700
Yo, 57.% (2 + ) 0.081 T

1100 1b-ft/radian

oCm /o
From equations (31) and (35), with Ja'/da and _Sgl— from reference 7,

My, = 2 O.hzli + 0‘019)6(1 + 0.12) 6190
0.081 2

5.8 \

0'42(1.0)(0.82) 6700 L2.3

5.8 2(0.081) 2

+ 1100

= 57000 lb-ft/radian

Thus,

" 40000

o SO0,

The damping in pitch of the tandem helicopter was measured by the
turning technique described previously. Once again, the 1ift due to
pitching is assumed equal to zero. After corrections were made for the
contributions of angle-of-attack stability and tip-speed-ratio change,
the change in longitudinal cyclic pitch was computed to be

-0.13 radian/radian/sec
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and the change in normal acceleration during the turn was O.13g. Thus,
a({cp/o

from
o8

using equations (31) and (37), agaein with da'/dx and

reference 7, ylelds

Mg

-0.13(1 + 0.13)6(1 + 0.12)670Q +

6700 L42.3

(-0.13)(1.0)(0.82)
2(0.081) 2

-100000

Thus,

The modified angle-of-attack stebility parameter for use in fig-
ure 3 is computed to be

My, g - ) g = Mg o=affa 2

1.4(1 -0) -0~ 0+ 0.70 + 0.58(-2.5) + 0.12(-2.5)2
0.6

2.3

Reduced power.- Repeating the previous procedure for the tandem
helicopter-at 70 knots indicated airspeed, power approximetely one-half
that for level flight; glves
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CONCLUDING REMARKS

Because of the importance of maneuver stebility for helicopter con-
tact and instrument flying, a theoretical analysls of maneuver stability
is maede. The resulis are presented in the form of a chart which contains
a boundary line separating satisfactory combilnations of significant longl-
tudinal stability derivetives from unsatisfactory combinations according
to the criterion of normel-scceleration time history presented in NACA
Technical Note 1983.

Good correlation is indicated for both a single-rotor helicopter
and a tandem-rotor helicopter between maneuver stability as predicted
by the chart and as measured during pull-up maneuvers. Thus, the theo-
retical analysis 1ls indicated to be wvalid.

Techniques are described for measuring stability derivatives in
flight. These derlvatives are for use with the chart presented herein
to aid in design studies of means for achieving satisfactory maneuver sta-
bility for a prototype helicopter or for a helicopter in the design
stage that is similar to helicopters already flying.
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In predicting meneuver stebility of e new type of helicopter, the
stability derivatives for use with the chart herein must be theoretically
predicted. The problem remains of predicting these derivatives to the
desired accuracy where significent amounts of-rotor stalling are present.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., June 9, 1953.
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APPENDTX

EFFECT OF VARYING ROTCR SPEED

As Indicated in the assumptions, a sample Investigation of the
effect of varying rotor speed during the pull-up maneuver was made.
Additional terms accounting for the effect. of changes in rotor speed on
1ift and pitching moment were added to equations (7) and (15), respec-
tively. An equation for equilibrium of shaft torque was derived with
rotor speed as the dependent varilable. This equation contalned terms
accounting for the change in rotor torque and engine torque with rotor
speed, the change in rotor torque with rotor angle of attack and pitching
velocity, and the inertis torgue. These three equations plus equation (19)
were solved simultaneocusly by means of the Laplace transformation for a
combination of parameters taken from figure 2. The computed time history
of An became concave downward by 2.05 seconds. Thus the inclusion of
rotor speed as an additional variable changed the time for the normal-
acceleration time history to become concave downward by about 0.05 second,
an insignificent smount.

The result presented in the previous paragraph is not too surprising
in view of the compensating effects of rotor-speed variation. Permitting
the rotor to speed up during the pull-up meneuver has two stabilizing
effects, one due to the reduction in p with a resulting nose-down moment
due to the stability with un of the rotor, the other due to the increased
rotor lift-curve slope. These stabilizing effects are compensated by a
destabllizing effect due to the rotor inertlia. Because of the inertia of
the rotor, changes in its speed lag behind changes in angle of attack.
Thus, when the angle-of-gsttack time history becomes concave downward,
the rotor-speed time history is still concave upward, so that the start
of the downwerd concevity in the time history of 1ift and hence of normal
acceleration is delayed.
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TABLE I.- APPROXTMATE PHYSICAT. CHARACTERISTICS OF

SINGLE-ROTOR HELICOPTER

Gross weight, 1Ib . . . . . . . . . . c e e e 4 e

Pitching moment of inertia about center of gravity, slug—ft2
Height of rotor hub with respect to center of gravity, £t .
Offset of flapping hinge from center line of rotor shaft, ft
Number of Dlades . . & ¢ ¢ ¢ ¢ v ¢ ¢ ¢ o o s o o o o a o« o

Rotor diameter, ft . . .« . . . .« . . . 0 00 0 0 e e e .

Tip-speed ratio, o + « « « « « . e h e e e .
Solidity (chord welghted accordlng to radiusa), e e ..
Density ratio . . . . . . . .« .. . e e e e e e e e

Ratio of thrust coefficient to solidity, CT/G c e e e e e

Blade mass factor (ratio of air forces to inertia forces) .
Longitudinal cyclic pitch per inch of stick deflection, deg

L1

. . k,900
. . 7,000
.« . 6.5
. ... 0
e e .. 3
. . . . 48
. .. 0.25
. . 0.063
. .. 0.9
. . 0.088
9
. . . 0.8
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TABLE IT.- APPROXIMATE PHYSICAL CHARACTERISTICS

OF TANDEM HELICOPTER

Gross Welg@ht, 1D « « o « 4 o o o « s o o o o s ¢« e 4 o &« o o« . 6,700
Pitching moment-of inertia, slug B 10,000
Height of rotor hub with respect to center of-gravity, ft . . . . 6
Assumed offset of flapping hinge from center line of rotar shaft . . O
Number Of TOLOYS v « « o o o o o « o o o s « s o o o o o o o o o« o« & 2
Number of blades Per rotOr . « « v ¢« ¢ ¢« ¢ ¢+ ¢ + & o o s v o« o s« o + 3
Diesmeter of each Totor, £t « « « 4 + o o « o « o o o o o o o & o o « 41
Distance between rotor shafts, £t .« « « ¢ ¢ ¢ ¢« & ¢ o s v o o o« » h2 3
Tip-speed ratio, p . « « « « « & & e e e e e e . . 0.23
Solidity (chord weighted according to radius2), O « v o+« .. 0.05
Density ratio . . . . . . o« e O o Iy
gatlo of thrust coefficient to solidity, CT/U e e e s s« + « . . 0.08L
2D

é—BT-l-nocc.vucaoc_nu'ltovl-l_.--__-.-n-l’O
Longitudinal cyclic pitch per inch of stick deflection, deg . . . 1.0
Blade mass factor (ratio of air forces to inertia forces) . . . . S
Horizontal stabilizer area, sq £t « « « « « ¢ « o o ¢« « « » + « o LO
Total vertical stebillizer area, sq ft . . . . « « « « . «+ . « . . 50
Allowable center-of-gravity range, in. forward of

midpoint between rotors .« « « « « + ¢ o ¢ 4 o o« . 4+« . =L to 18
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Figure 1.- Relation between rotor angle of attack, rotor-shaft incidence, angle of climb, and lon-
gltudinal cyeclic pitch. All angles shown are positive. Axis of no feathering 1s uncorrected for
blade end control-system distortion, &3, or automatic control devices,

en



e
Iy

Damplng-in-pitch parameter,

‘\\\\
\\\\ Criterion of ref. 3
not satisfied
° \\\\\
\\\ [~ Lift-curve-slope parameter,
\\\\ \\ & T, +E
-1 h
\
NONEE
L TR \ \ AN RN
\\i \\ Na.0
.25 5
S HAGA T —
. \
3 o -1 0 1 2 3 2

My g - g - ) Mg
-of-attack stabilit 4 —f1 - = - {= -—
Angle-of-a 8 Yy parameter, IY( Lq) ( Ly + EE IYE

Figure 2.~ Damping-in-pitch perameter plotted egalnst angle-of-attack
stability perameter for various values of lift-curve-slope parameter
£s Y5
for marginal meneuver stebility. B &~ &% -,

Iy Iy

2c0%. NL VOYN




NACA TN 3022 )

\\\ Criterion of ref. 3
g \\\ not setisfied
i ° N
g N
<
Q
-+
o
=1
<
i
1
g - N
% riterion of ref. 3
a satisfied
o -2 \ ___
N
]
-1 o] 1 2 3 L

Modiflied angle-of-sttack stabllity parameter,

M, T 2
%(1-%&1) - (WEV-EQ+E)E-I;—:E+0.70+ o.58<;M—§+E>+0.12(;M—;+ E>

g —
= + B
W

Figure 3.- Damping-in-pitch parameter plotted ageinst modified angle-
of-attack stabllity parameter for merginsl meneuver stability.

- M_
Ez]i;qgi,
o T¥



v

>
s

-

L]

T s

Figare 4.- Single-rotar helicopter studled in this paper.
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of single-rotor hellcopter.

Figure 6.- Biplane tail surface used to vary engle-of-attack stability
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(a) Single-rotor helicopter, level flight, tail off.

-Rearword stop
Rearward S
Stick motion 0
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Forward § I —
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’ 5
1 A L
090 2 3 6 8
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(b) Single-rotor helicopter, level flight, tail on at 0°.

Figure 8.- Time histories of pull-up maneuvers for test hellcopters at
approximetely 70 knots.
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(d) Tandem-rotor helicopter, forward center of gravity,
partial-power descent.

Figure 8.- Concluded.
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